Suppressor of Hairless (Su(H)) codes for a protein that interacts with the intracellular domain of Notch to activate the target genes of the Delta -Notch signalling pathway. We have cloned the zebrafish homologue of Su(H) and have analysed its function by morpholino mediated knockdown. While there are at least four notch and four delta homologues in zebrafish, there appears to be only one complete Su(H) homologue. We have analysed the function of Su(H) in the somitogenesis process and its influence on the expression of notch pathway genes, in particular her1, her7, deltaC and deltaD. The cyclic expression of her1, her7 and deltaC in the presomitic mesoderm is disrupted by the Su(H) knockdown mimicking the expression of these genes in the notch1a mutant deadly seven. deltaD expression is similarly affected by Su(H) knockdown like deltaC but shows in addition an ectopic expression in the developing neural tube. The inactivation of Su(H) in a fss/tbx24 mutant background leads furthermore to a clear breakdown of cyclic her1 and her7 expression, indicating that the Delta -Notch pathway is required for the creation of oscillation and not only for the synchronisation between neighbouring cells. The strongest phenotypes in the Su(H) knockdown embryos show a loss of all somites posterior to the first five to seven ones. This phenotype is stronger than the known amorphic phenotypes for notch1 (des) or deltaD (aei) in zebrafish, but mimicks the knockout phenotype of RBP-Jk gene in the mouse, which is the homologue of Su(H). This suggests that there is some functional redundancy among the Notch and Delta genes. This fact that the first five to seven somites are only weakly affected by Su(H) knockdown indicates that additional genetic pathways may be active in the specification of the most anterior somites. q
Introduction
Somitogenesis in vertebrates depends on Delta -Notch signalling (for review see: Maroto and Pourquie, 2001; Saga and Takeda, 2001) . The somites are generated from the mesenchymal presomtic mesoderm (PSM), which flanks the notochord on both sides. Two phases can be distinguished, namely the prepatterning of the unsegmented PSM with the establishment of the rostrocaudal polarity (Stern and Keynes, 1987; Aoyama and Asamoto, 1988) and the formation of the somitic borders (Maroto and Pourquie, 2001 ).
The prepatterning is achieved by an oscillator mechanism that involves Delta -Notch signalling and the expression of various hairy (h) and Enhancer of split (E(spl)) related genes. Each of these genes is present in multiple copies in zebrafish. There are at least four delta homologues (Haddon et al., 1998) , four notch homologues (Bierkamp and Campos-Ortega, 1993; Westin and Lardelli, 1997) and nine hairy/Enhancer of split (her) homologues (her1 -6: Weizsäcker, 1994; Müller et al., 1996; her7/her8: Gajewski and Voolstra, 2002; her9: Leve et al., 2001) . Mutant analysis and Morpholino (Mo) knockdown studies for deltaC, deltaD, notch1a, her1 and her7 have revealed a specific role in the prepatterning of the PSM for these genes (Dornseifer et al., 1997; van Eeden et al., 1998; Takke and Campos-Ortega, 1999; Jiang et al., 2000; Holley et al., 2000 Holley et al., , 2002 Henry et al., 2002; Oates and Ho, 2002; Gajewski et al., 2003) .
The Delta -Notch pathway is required for many cell -cell communication processes during development (reviewed by Artavanis-Tsakonas et al., 1999) . The canonical model for Notch signalling assumes that after ligand binding (Delta/Serrate/Jagged) the Notch receptor is cleaved and the intracellular domain of Notch (NIC) is translocated to the nucleus. Once in the nucleus, NIC interacts with members of the CSL (CBF1, Suppressor of Hairless, Lag-1) family of transcription factors and activates target genes such as the h/E(spl) family genes. The CSL transcription factors have a dual role: when Notch signalling is inactive they act as a repressor, whereas during active Notch signalling they interact with NIC and promote activation of their target genes.
However, there is some evidence that there is also another pathway for transmitting the Notch signal, which is independent of the interaction with the CSL transcription factors. This alternative pathway may involve Deltex, a cytoplasmic adaptor protein that interacts with Notch, and there may also be a connection to the Wnt-signalling pathway (reviewed by Martinez Arias et al., 2002) . Although the available evidence suggests that the prepatterning process of the PSM involves only the canonical Notch signalling pathway, this has not yet been tested in all consequence. It should be noted that neither the loss of notch1a, deltaC, deltaD, her1 or her7 lead to a complete loss of somites, but only to severe disturbance of the patterning of the somites. This may be either due to a redundancy caused by the other members of the respective gene families, or could be an indication that additional pathways are involved.
To test whether Notch signalling is indeed exclusively mediated via the canonical CSL dependent pathway during zebrafish somitogenesis, we cloned the zebrafish homologue of Suppressor of Hairless (Su(H)). Knockdown studies of the respective homologue in the mouse have previously shown that somitogenesis is severely affected (Oka et al., 1995) , but a more detailed analysis of the process was not possible at that time. Here we show that a Mo-knockdown of the zebrafish (Su(H)) homologue mimics the mouse phenotype and disturbs both the expression of the cyclic genes in the PSM, as well as later phases of Notch dependent signalling. However, the most anterior somites are significantly less affected than the more posterior somites, indicating that in this region the action of an additional or even alternative pathway can be considered.
Results

Cloning, genomic organisation and expression of Danio Su(H)
A zebrafish Su(H) homologue was cloned by a PCR approach using degenerate primers and first strand cDNA (made from 6 to 14 somite stage embryos) as template (for details see Section 4). The isolated Su(H) cDNA corresponds to a gene region, which could be identified by Blast search in the new zebrafish whole genome shotgun assembly Zv2 (Sanger Institute). This gene consists of 11 exons scattered on 6.3 kb genomic DNA. The first 10 exons are relatively small, ranging from 38 to 174 bp, compared to the size of the last exon with 652 bp. Almost the same genomic organisation can be found for the mouse homologue RBP-Jk with the difference that the 11 exons are distributed over at least 50 kb (Kawaichi et al., 1992) . There is only one functional RBP-Jk gene in mouse although there are three pseudogene sequence fragments. In the zebrafish assembly Zv2 we identified also some related sequences on different contigs, which represent only parts of the gene, but there is no indication for the existence of another functional gene.
The zebrafish EST database contains also several corresponding sequences (Sprague et al., 2001 ; GenBank accession: CA472801, CA470816, AL910798, AL910797, AL923754, BM735953, BM735940) that are identical to each other, but which differ from our identified sequence at a few positions, but these differences are likely to be due to polymorphisms between the different zebrafish strains or constitute sequencing errors.
The zebrafish Su(H) cDNA sequence (GenBank accession: AY128532) consists of 1871 nucleotides, coding for 498 amino acids. Comparison with homologues from Xenopus, mouse and Drosophila reveals a high degree of conservation. Danio Su(H) shows the highest similarity to Xenopus Su(H)1 with 92% identical and 94% conserved residues. The similarity between Danio Su(H) and the mouse homologue RBP-Jk is only slightly lower (91% identical and 93% conserved residues) and the similarity to the Drosophila Su(H) is substantial (72% identical and 78% conserved residues).
In situ hybridisation shows that Danio Su(H) is ubiquitously expressed during early development. Transcripts are already detectable in the first cells, most probably representing maternal RNA (Fig. 1A) . During further development until the end of somitogenesis Danio Su(H) shows ubiquitous expression in the whole embryo (Fig. 1B,  C) . After somitogenesis expression becomes restricted to the anterior part of the embryo and is no longer detectable in the posterior part including somites and tailbud (Fig. 1D ).
Su(H) knockdown leads to defects in somite formation
To examine the function of Su(H) during zebrafish development Mo-knockdown studies were performed. Morpholino oligonucleotides are known to be an efficient tool to specifically inhibit translation of their target mRNAs (for review see Sumanas and Larson (2002) ).
We injected two different Morpholinos specific to Su(H), one complementary to the 5 0 UTR (5 0 Mo) including the codon for start-methionine AUG and the other one designed against the region downstream of the AUG (ORF -Mo). Both Mos have the same influence on the expression patterns of all the genes that we have examined (see Table 1 and respective Figure Legends) and both disturb somite patterning in the same way.
Embryos injected with the ORF -Mo (ORF morphants) resemble the notch1a mutant deadly seven during the first 20 h of development (Fig. 2C,H) . These embryos develop 7^2 somite borders, which are not properly arranged in comparison to the control embryos (compare Fig. 2E ,J with Fig. 2D,I ). Beyond these anterior somites further somitic tissue is generated but somite borders are missing (Fig. 2C , E,H,J). At the end of somitogenesis the ORF -Mo injected embryos exhibit a more severe phenotype than the des mutant. The ORF morphants show a curved trunk and tail phenotype as it has been observed after overexpression of a DNA-binding mutant of the Xenopus Su(H) homologue in zebrafish ( Fig. 2L ,P,R; Lawson et al., 2001 ). In addition ORF morphants are shorter than the comparable control embryo and lack posterior trunk pigmentation (compare Fig. 2O ,Q with Fig. 2P ,R). They survive up to 200 hpf, show severe defects in blood vessel formation and develop a large heart oedema (data not shown). Almost the same phenotype has been observed for the zebrafish mutant mindbomb, which codes for a defective E3 ubiquitin ligase Itoh et al., 2003) . Since this ubiquitin ligase is necessary for the endocytosis of Delta the mutation leads to a breakdown of Delta dependent Notch signalling. This suggests that the phenotype observed here for the ORF morphants is typical for defective Notch signalling in zebrafish.
However, embryos injected with the 5 0 Mo (5 0 morphants) show morphologically a much stronger effect, which is similar to the respective RBP-Jk null-mutant in mouse (Oka et al., 1995) . The embryos are always developmentally retarded and drastically reduced in size when compared to their wildtype counterpart and the ORF morphant (Fig. 2) . As a consequence of the reduction in size, these embryos show an incomplete rotation around the yolk after 16 hpf (Fig. 2B ). Measuring the length of the 5 0 Mo knockdown embryos after 16 hpf shows that they have only approximately 2/3 of the length of a comparable wildtype embryo. The 5 0 morphants form, like the ORF morphants, only 7^2 somites, which show segmental defects and are irregularly arranged when compared to their wildtype complement (Fig. 2B ,G). After 16 hpf distinct areas of degenerating cells can be detected in the head of the embryo (Fig. 2B ) and during the next hours of development degenerating cells can also be observed in the trunk and tail (data not shown). Since RBP-Jk 2=2 mutant mice embryos show also distinct areas of cell degeneration and none of the control injections leads to this effect we assume that the effect is specific to the knockdown of Su(H). However, we cannot exclude that this is a toxic effect caused by Mo injection (for review see Heasman, 2002) . After the formation of the first 7^2 somites the embryos essentially stop growing and it appears that no further somitic tissue is generated. The embryos develop for a few more hours and die after approximately 35-60 hpf.
To analyse the identity of the mesodermal tissue generated in Su(H)-knockdown embryos in situ hybridisations for MyoD were performed. The somites express MyoD in Su(H) morphants, indicating that muscle cells are still forming (Fig. 2N ). However, while MyoD expression is normally restricted to the posterior parts of newly formed somites , this distinct expression is disturbed in the Su(H)-knockdown embryos when compared to wildtype embryos of the same stage (Fig. 2M,N) . This suggests that not only the somite borders are missing beyond the anterior somites but that there is also disturbance of the A -P polarity of the somitic tissue.
Cyclic gene expression is disturbed in Su(H)-knockdown embryos
To analyse whether Notch signalling in the segmentation clock is mediated via Su(H) we examined the expression of different oscillating genes of this pathway in Su(H) knockdowns. The effects described later were observed with the same high penetrance in the 5 0 morphants and ORF morphants and were not observed in control injections (for details see Table 1 and respective Figure Legends) .
Wildtype embryos show for her1 and her7 a cyclic expression in a U-shaped domain in the posterior PSM and two to three pairs of stripes in the intermediate and anterior PSM. Su(H)-knockdown leads to a disruption of this dynamic expression for both genes. In Su(H) morphants a diffuse expression for her1 and her7 was observed throughout the whole PSM with an area of stronger expression in the anterior PSM (Fig. 3C,D ,G,H), which is comparable to her1 and her7 expression in des/notch1a and aei/deltaD mutant embryos (van Eeden et al., 1998; Oates and Ho, 2002, Fig. 3B,F) . Analysis of aei/deltaD;fss/tbx24 and des/notch1a;fss/tbx24 double mutants had shown that the activation for her1 in the anterior PSM is due to the function of the fss/tbx24 gene, which acts independently of the Delta -Notch pathway (van Eeden et al., 1998; Holley et al., 2000; Nikaido et al., 2002) . To ascertain whether the observed activation of her1 and her7 in the anterior expression domain in Su(H) morphants is also dependent on the function of the tbx24 gene, we performed Su(H) -Mo injections in fss embryos. It was previously shown that her1 shows still a cyclic expression in the posterior PSM of fss embryos while its expression in the most anterior stripe is lost (van Eeden et al., 1998; Nikaido et al., 2002 and Fig. 3J ). In situ hybridisation for her7 in fss embryos shows the same pattern as for her1 (compare Fig. 3J with Fig. 3N ) suggesting that both bHLH genes are equally regulated by fss/tbx24. Su(H) -Mo injections in fss embryos leads to a breakdown of cyclic her1 and her7 expression in the posterior PSM of these embryos (Fig. 3K ,L,O,P). Both genes show now only a diffuse expression in the posterior PSM with no signs of cyclic expression, indicating that Notch signalling is necessary for the initiation of oscillation in the fss/tbx24 mutant. The stronger activation in the anterior PSM observed in Su(H) morphants is also lost after Su(H)-knockdown in fss embryos. This indicates that the activation of her1 and her7 in the anterior PSM after Su(H)-knockdown is indeed due to the function of fss/tbx-24. However, the weak expression in the posterior U-shaped domain is still present, probably due to activation by tissue specific activators (Fig. 4K ,L,O,P).
Cyclic gene expression during early somitogenesis stages
Since the first 7^2 somites form in des/notch1, aei/deltaD and Su(H) -Mo injected embryos and assuming that Notch signalling is necessary for the creation of oscillation it is most likely that another pathway is responsible for the generation of the anterior somites. To test if cyclic gene expression is also independent of Notch signalling during early somitogenesis stages Su(H) -Mo injected embryos were fixed in the 3 somite stage and in situ hybridisations for her1 and her7 were performed. In these embryos cyclic expression of her1 and her7 is affected after Su(H)-knockdown although less than in the 10 somite stage embryos (compare Fig. 4B ,C,E,F with Fig. 3C,D,G,H) . Su(H)-Mo injection leads to a diffuse her1 and her7 expression in the whole PSM of 3 somite stage embryos but still with a visible stripe activation. This suggests that not only the canonical Notch pathway is involved in the control of cyclic gene expression during early somitogenesis.
Expression of deltaC and deltaD after Su(H)-knockdown
It has previously been shown that her1 and her7 have a feedback loop on deltaC and deltaD expression (Holley et al., 2002; Oates and Ho, 2002; Gajewski et al., 2003) . We asked whether Su(H)-knockdown and the observed change in her1 and her7 expression have also an influence on deltaC and deltaD transcription. In wildtype embryos deltaC and deltaD expression consists of two paired stripes in the anterior PSM and an expression domain in the posterior PSM (Dornseifer et al., 1997; Smithers et al., 2000) , with the difference that deltaC is cyclically expressed but deltaD seems not Holley et al., 2002) . Furthermore deltaC is expressed in the posterior part of newly formed somites whereas deltaD is expressed in the anterior part of the somite. Su(H) -Mo injections lead to a clear disruption of deltaC and deltaD expression. After knockdown of Su(H) both genes show a weak expression in the whole PSM and a broad expression domain appears in the anterior PSM (Fig. 5B,D) . The deltaD expression in the newly formed somites is absent in Su(H) morphants but, surprisingly, deltaD expression is now ectopically expressed in the developing neural tube (compare Fig. 5C with Fig. 5D ). deltaC expression is also affected in the somites of Su(H) -Mo injected embryos, which show only a weak residual staining when compared to the wildtype counterpart (compare Fig. 5A with Fig. 5B ). 
Su(H)-knockdown does not affect tbx-24 and spt expression
The expression of tbx-24 and spt should be independent of the Delta-Notch pathway (Griffin et al., 1998; Holley et al., 2002; Nikaido et al., 2002) and we should therefore expect no effect of Su(H) knockdown on the expression of these genes. Indeed, we find that after Su(H) -Mo injection, tbx-24 is still expressed in the intermediate and anterior PSM as in the wildtype situation (Fig. 5G,H) . Similarly, the posterior expression of spt shows no change after Su(H)-knockdown (Fig. 5E,F) . Thus, the primary specification of the posterior PSM is apparently not affected by Su(H) knockdown.
Discussion
Danio Su(H) is essential for zebrafish development
The members of the CSL family of transcription factors are highly conserved from human to Drosophila (Furukawa et al., 1991; Amakawa et al., 1993 ).The Danio Su(H) homologue analysed here shows a high degree of conservation compared to other vertebrate and invertebrate counterparts, implying a conserved role. But it is not only the coding sequence itself, which is highly conserved. The genomic organisation of this gene, scattered in 10 small exons and an 11th large exon is directly comparable between zebrafish and mouse. The current evidence suggests that there is only one Su(H) homologue in zebrafish. First, our cloning approach yielded only one variant. Second, the Su(H) homologous sequences that can be found in the new zebrafish whole genome shotgun assembly Zv2 reveal only one complete Su(H) gene while the other possible homologous gene fragments appear to be pseudo-genes, as they are found in mouse. Third, there is currently no other Su(H) homologue in the EST data base. Finally, the ubiquitous expression of the gene suggests that it can potentially be involved in all Notch dependent signalling processes in the zebrafish.
The results of the Su(H)-knockdown show that the function of the Su(H) gene is essential for zebrafish development and that the lack of function leads to an early death of the embryos. The phenotype of at least the 5 0 morphants is similar to the RBP-Jk null-mutant in mouse. 5 0 morphants show more severe defects and die earlier than ORF morphants. The different efficacy between the two Mos concerning the morpholical effects might be due to the known difference in blocking the efficiency of translation depending on the binding position of the Mo. The closer to the 5 0 end a Mo is targeted, like our 5 0 Mo, the more efficient is the knockdown (product information Gene Tools).
RBP-Jk
2=2 mutant mice embryos are developmentally retarded, drastically reduced in size, show distinct areas of cell degeneration in the developing CNS and form only up to 6 somites (Oka et al., 1995) . However, the exact reason for the embryonic lethality of the mutants in mouse or morphants in zebrafish is not clear. The lack of proper somitogenesis alone does not lead to embryonic lethality, since the des/notch1a and the aei/deltaD mutants are homozygous viable . However, it was shown that Notch signalling is also required for proper with G,H). (J), (N) her1 and her7 expression, respectively, in fss/tbx24 mutant embryos. Cyclic her1 and her7 expression is disrupted after ORF-Mo injection in fss embryos (K), (O), respectively ( fss þ ORF-Mo her1: 0.9 mM, 2 experiments, n ¼ 87; 97% affected; fss þ ORF-Mo her7: 0.9 mM, 2 experiments, n ¼ 76; 96% affected), and after 5 arterial-venous differentiation (Lawson et al., 2001) . Since Su(H)-knockdown embryos fail to develop proper blood vessels, disruption of Notch signalling by Su(H)-knockdown could cause an insufficient oxygen and nutrient supply of the tissues, which might explain the early embryonic death.
Notch signalling in the PSM
Su(H) -Mo injection leads to a breakdown of cyclic her1, her7 and deltaC expression. We observed a weak, diffuse expression of these genes in the whole PSM with a distinct area of stronger expression in the anterior PSM. This is comparable to the her1, her7 and deltaC expression in the des/notch1a and the aei/deltaD mutant (van Eeden et al., 1998; Holley et al., 2002) . deltaD expression, which seems not to be cyclic, shows also a disruption in Su(H)-knockdown embryos. As for deltaC, the anterior two stripes of expression are lost and instead a broad expression domain appears together with a diffuse expression in the posterior and intermediate PSM. These changes in deltaC and deltaD expression are also seen after her1 and her7 knockdown (Holley et al., 2002; Oates and Ho, 2002; Gajewski et al., 2003) , suggesting that the breakdown of deltaC and deltaD expression is due to a feedback loop of Her1 and Her7 on deltaC/deltaD transcription. The loss of deltaC and deltaD expression in the later somitic tissue after Su(H)-knockdown cannot be directly due to this feedback loop since her1 and her7 are not expressed in the somites. Thus, deltaC and deltaD expression in the somites might be controlled by other Notch target genes or directly controlled by Notch via Su(H). Since deltaD is upregulated in Su(H) morphants, Su(H) seems further to be necessary to repress deltaD expression in the developing neural tube. The upregulation of a Delta homologue from mouse, Dll1, has also been observed in the neural tube of RBP-Jk 2=2 mice embryos indicating a conservation of Notch signalling for this process between zebrafish and mouse (de la Pompa et al., 1997) .
The similarity of her1 and her7 expression in des or aei embryos and in Su(H)-knockdown embryos suggests that the Notch signal is mediated via Su(H) to control the expression of her1 and her7. Thus, our results support the classical mechanism for Notch signalling during zebrafish somitogenesis. This model assumes that in the absence of Notch signalling Su(H) acts as a repressor of its target genes her1 and her7 (Fig. 6A) . The stronger basal expression of her1 and her7 after Su(H)-knockdown compared to her1 and her7 expression in the des/notch1a mutant clearly supports this role as a repressor (Fig. 3) . When Notch signalling is active Su(H) undergoes a switch from a repressor to an activator including the interaction with NIC to promote activation of her1 and her7 (Fig. 6B) . Because of the recruitment of the Delta-Notch pathway in a high number of cell -cell communication processes during development, the use of tissue specific activators is necessary for the proper activation of target genes (Fig. 6) . The specific activators, which might play a role in the zebrafish PSM are so far not known. Keeping this scenario in mind, the Su(H)-knockdown has two effects: on the one hand the derepression of the her1 and her7 genes and on the other hand the loss of activation of these genes via Notch signalling (Fig. 6C) . Since local activators are still present, this results in a 'broadening and weakening' of her1 and her7 expression (for review see . According to this model, reduced expression was observed in cells which normally respond to Notch signalling and expansion of her1 and her7 gene expression was found in normally non-responding cells. But this expansion is limited to cells in which the tissue specific enhancers are sufficient to promote target gene activation.
It is known that Su(H) recruits different co-repressors for the repression of target genes (for review see Lai, 2002) . Recent studies in Drosophila reveal that the Hairless protein acts as an adaptor to recruit the corepressors Groucho and dCtBP to Su(H) . Interestingly, Groucho seems to play a dual role in the Notch pathway. One is the activity as a corepressor for H/E(spl)-bHLH proteins while Notch signalling is active and the other is the function as a corepressor for the Su(H) -H complex when Notch signalling is absent . The zebrafish groucho homologues gro1 and gro2 are both expressed in the PSM, within the segmented somites and in the developing nervous system (Wuelbeck and Campos-Ortega, 1997 ). This suggests that gro1 and gro2 play also a role in the DeltaNotch pathway during zebrafish development.
Cyclic gene expression during early somitogenesis and the formation of the first somites
The first five to seven somites show some peculiarities. They are formed faster than the remaining somites and they show no phenotypic defects in des/notch1a and the aei/deltaD mutants (van Eeden et al., 1998) . They are also refractory to the loss of her7 function (Oates and Ho, 2002; Henry et al., 2002) , but the formation of their somitic borders is specifically affected by loss of her1 function (Henry et al., 2002 ). In our Su(H) knockdowns they are always only slightly affected with respect to the formation of somitic borders, but not with respect to the formation of somitic tissue. This corresponds also to the results in the mouse (Oka et al., 1995) . Given the consistency of this phenotype, it seems very unlikely that it is due to an insufficient reduction of Su(H) activity through morpholino inhibition, or a possible partial rescue through maternal RNA in the case of the mouse. According to this phenotype the cyclic expression of her1 and her7 is only weakly affected in Su(H) morphants during early somitogenesis stages, in the way that the repression in the interstripe regions is lost but a stripe like activation is still observed. This has also been described for deltaC, her1 and her7 expression during early stages of somitogenesis in the des/ notch1a or aei/deltaD mutant background (Oates and Ho, 2002; Jiang et al., 2000; van Eeden et al., 1998) . A clear breakdown of the oscillation and a so-called salt and pepper like expression in the anterior PSM was only observed from the 6 somite stage on. Based on these results there is an ongoing discussion whether the Notch pathway is only required for the synchronisation of the oscillation or whether Notch signalling is required for both, the progression and the synchronisation of the cyclic expression (Holley et al., 2002; Jiang et al., 2000) . The fact that Su(H)-knockdown leads to a disruption of cyclic expression in fss/ tbx24 mutant embryos and not only to a desynchronisation, which should cause a salt and pepper like expression, is a clear hint that canonical Notch signalling is involved in the creation of cyclic expression. This observation combined with the fact that disruption of Notch signalling does not lead to a clear breakdown of cyclic expression during early somitogenesis stages suggests that an additional genetic circuitry must be active in this region. This additional pathway could be necessary for the set-up of cyclic expression and allows the formation and differentiation of the first somites, as well as some limited patterning. The mechanism could be completely independent of DeltaNotch signalling. Alternatively, it could involve one or two of the notch genes expressed in this region, but they would then have to act via a Su(H) independent pathway. In any case, it is clear that studying the mechanism of the formation of the most anterior somites may yield additional insights in the molecular circuits that are involved in generating the metameric pattern.
Materials and methods
Cloning and sequencing of Danio-Su(H)
A Danio Su(H) cDNA fragment of 0.2 kb was amplified by using degenerate oligonucleotide primers (5 0 -GTN AAR ATG TTY TAY GGX AA-3 0 and 5 0 -DAT RTA RAA NGC NCC CCA YTG-3 0 ) and first strand cDNA from 6 to 12 somite stage embryos as template. The degenerate primers are based on a comparison of the different homologues from mouse, human, Xenopus and Drosophila. 3 0 RACE was performed with a gene-specific forward primer (5 0 -TTC TAC GGG AAT AGC GCA GAT ATC GG-3 0 ) and an oligo-dT-T7 reverse primer (5 0 -GCA TTA GCG GCC GCG AAA TTA ATA CGA CTC ACT ATA GGG AGA TTT TTT TTT) by using the same template cDNA. For the 5 0 RACE an oligo-dT primed cDNA library (gift from Bruce Apple) was used. The assembled cDNA did not contain the entire ORF and the 5 0 UTR of the Su(H) gene. We detected the 5 0 end by BlastN search (Altschul et al., 1997) in the zebrafish genome trace archive at NCBI (trace 25635647). To verify this sequence a PCR was performed with first strand cDNA as template and primers which anneal in the 5 0 -and 3 0 -UTR of the Su(H) cDNA. The generated PCR fragment was controlled by sequencing.
Sequences were determined on an ABI377XL sequencer (Perkin Elmer/Applied Biosystems) and submitted to GenBank under the accession number AY128532 (Su(H)-cDNA sequence).
Whole-mount in situ hybridisation and histological methods
Fish were bred at 28.5 8C on a 14 h light/10 h dark cycle. Embryos were collected by natural spawning and staged according to Kimmel et al. (1995) . For in situ hybridisations with digoxygenin labelled RNA probes we followed the protocol of Schulte-Merker et al. (1992) with one modification: the proteinase K and post-fixation step were substituted by a heat treatment. Embryos were incubated in just boiled water for 10 min and post-fixed with 4% PFA/ PBS for 20 min. Digoxygenin labelled probes were prepared using RNA labelling kits (Roche). Staining was performed with BM purple (Roche). Automated in situ hybridisation was performed using a programmable liquid handling system described by Plickert et al. (1997) . Whole mount embryos were observed under a stereomicroscope (Leica) and digitally photographed (Axiocam, Zeiss). Flat mounted embryos were observed with an Axioplan2 microscope (Zeiss).
Morpholino injections
Antisense morpholino-modified oligonucleotides (GeneTools) were designed against the 5 0 UTR and the ORF of the Su(H) cDNA (AY128532) and for control experiments a 5 base mismatch Mo was used. Furthermore a morpholinomodified oligonucleotide (random-sequence) recommended by GeneTools and a Mo against the 5 0 UTR of the her1 cDNA (X97329) was used as a control. Sequence for Su(H)- effects on any of the investigated expression patterns. The observed effects after her1 -Mo injections on her1, her7, deltaC and deltaD expression were the same as previously described (Holley et al., 2002; Oates and Ho, 2002) .
